Abstract. The aim of the present study was to investigate whether sulforaphane (SFN) and myricetin (Myr) synergistically induce apoptosis in adipocytes. The viability of mature 3T3-L1 adipocytes treated with 40 µM SFN and/or 100 µM Myr was assessed using an MTT assay. Apoptosis was assessed by Hoechst 33258 nuclear staining, and by detection of single-stranded DNA using an enzyme-linked immunosorbent assay. Compared with the effects of each compound alone, the combination of SFN and Myr synergistically reduced cell viability, induced apoptosis, increased pro-apoptotic Bcl-2 associated X protein expression, decreased anti-apoptotic B-cell lymphoma-2 expression, enhanced Bcl-2-associated death promoter (Bad) translocation from the cytoplasm to the mitochondria, and reduced Bad phosphorylation at Ser112. These effects were accompanied by increased cleavage of caspase 3 and poly-ADP-ribose-polymerase. In addition, combined SFN and Myr treatment significantly decreased the protein expression levels of phosphorylated AKT serine/threonine kinase 1 (Akt) at Ser473, as well as the phosphorylation of the downstream protein ribosomal protein, S6 kinase β-1. Therefore, SFN plus Myr was a more potent inducer of apoptosis in 3T3-L1 adipocytes than either compound alone. The results of the present study suggest that the mechanism of SNF/Myr-induced apoptosis involved activation of the Akt-mediated mitochondrial apoptotic pathway. This may aid treatment of animal models of obesity and preclinical testing.
Introduction
Obesity is a global public health problem due to its close positive association with several severe chronic diseases, including type 2 diabetes, cardiovascular disease, and several types of cancer (1) . Obesity involves abnormal or excessive fat accumulation in adipose tissue, and occurs as a result of adipocyte hyperplasia and hypertrophy (2) . Although the mass of adipose tissue generally depends on the balance between adipogenesis and lipolysis, adipocyte apoptosis is an additional important contributor to the reduction of body fat (3, 4) . The reduction in the number of adipocytes via induction of adipocyte apoptosis is therefore a potential strategy to attenuate obesity. Sulforaphane (SFN), an isothiocyanate enriched in cruciferous vegetables, such as broccoli and broccoli sprouts, possesses a wide range of properties, including antioxidant (5), anticholesterol (6) and anticancer effects (7) . SFN exerts an anticancer effect by inducing tumor cell apoptosis (8, 9) . A previous study demonstrated that SFN treatment reduced the body weight of obese mice (10) . In addition, SFN was observed to inhibit adipogenesis and stimulate lipolysis in pre-adipocytes and adipocytes in vitro (11, 12) . In a previous study, treatment of mature 3T3-L1 adipocytes with 60 µM SFN induced apoptosis by inhibiting the AKT serine/threonine kinase 1 (Akt) signaling pathway (13) . Therefore, SFN may be a promising agent for the treatment or prevention of obesity via the induction of adipocyte apoptosis.
Myricetin (Myr; 3,5,7-trihydroxy-2-(3,4,5-trihydroxyphe nyl)-4-chromenone) is a major dietary flavonoid, commonly present in tea, berries and medicinal herbs. It has been demonstrated to possess antioxidant, anti-inflammatory, and anticancer properties (14) (15) (16) (17) . Myr functions as a potent anti-apoptotic inhibitor in cancer cell lines by regulating phosphatidylinositol 3 kinase (PI3K) and extracellular mitogen-activated protein kinase (18 (19, 20) . Previous studies have demonstrated that Myr exhibits anti-obesity activities in vivo and in vitro (21, 22) . In 3T3-L1 adipocytes, treatment with 100 µM Myr induced a significant decrease in intracellular triglyceride accumulation, inhibited pre-adipocyte differentiation, and enhanced mature-adipocyte lipolysis; however, it did not reduce cell viability (22) . There is a growing body of evidence from studies investigating drug discovery from natural products, which are increasing in popularity. Administration of a combination of natural compounds has become increasingly attractive for the treatment of obesity, as there is some evidence to suggest that multi-drug combinations lead to pharmacological potentiation, which optimistically leads to lower doses, fewer adverse side effects, and an extended treatment window (23) (24) (25) (26) . Although SFN and Myr are well tolerated, it
is not yet clear whether Myr induces apoptosis in adipocytes, or whether the combination of Myr and SFN may exert a stronger effect than either compound alone. Therefore, the effect of combined treatment of 40 µM SFN (S40) and 100 µM Myr (M100) on 3T3-L1 adipocyte apoptosis was investigated in the present study. The results demonstrated that combined treatment with SFN and Myr significantly increased the level of adipocyte apoptosis induction, when compared with either agent alone. In addition, this enhanced effect on the level of apoptosis was associated with activation of the mitochondrial apoptotic pathway mediated by Akt. Therefore, SFN plus Myr treatment may be advantageous for induction of adipocyte apoptosis, as the two compounds appear to target the same pharmacological pathway.
Materials and methods
Cell culture and reagents. Adipocyte differentiation. 3T3-L1 pre-adipocytes cultured until ~90% confluent (D 0 ) following 2 days of incubation with 10% CS/DMEM growth medium. The medium was then replaced with 10% FBS/DMEM supplemented with 10 µg/ml INS, 1 µM DEX and 0.5 mM IBMX to induce differentiation. Following 2 days (D 2 ), the medium was replaced with 10% FBS/DMEM containing 10 µg/ml INS for a further 2 days (D 4 ). This was followed by culture in the 10% CS/DMEM growth medium for an additional 6 days; during which time the medium was refreshed every other day. At 10 days following induction of differentiation (D 10 ), >90% of the cells consisted of mature adipocytes, which contained an abundance of lipid droplets and were ready for treatment.
Oil red O staining. At the end of differentiation (D 10 ), the mature adipocytes were washed with phosphate-buffered saline (PBS) and fixed with 10% neutral buffered formalin for 30 min at room temperature. The cells were then washed with PBS and subsequently stained with filtered 0.5% (w/v) Oil red O solution for 30 min at room temperature in the dark. Cells were then washed three times with distilled water. Photographs of the Oil Red O-stained cells were captured using a Nikon digital camera system (Nikon Corporation, Tokyo, Japan). A total of 99% (v/v) isopropanol was then added to the cells and incubated for 5 min at room temperature to remove the dye, and the lipid content of the cells was quantified by spectrophotometry at 570 nm.
MTT assay. The viability of mature adipocytes was determined using an MTT assay kit (Beyotime Institute of Biotechnology, Haimen, China), which measures the production of formazan by catalytically active cells and therefore provides a measure of the number of viable cells. Pre-adipocytes were seeded onto a 96-well plate at a density of 2.5x10 3 cells/well and induced to differentiate into mature adipocytes using the aforementioned methods. At D 10 the mature adipocytes were treated with S40 and/or M100 for 24 h. Following treatment, the cells were incubated with 0.5 mg/ml MTT reagent for 3 h at 37˚C to allow the formation of formazan crystals. Dimethyl sulfoxide (150 µl) was subsequently added to each well to dissolve the formazan crystals. The optical density (OD) was determined by measuring the absorbance of wells at 570 nm using a microplate reader. Inhibition of cell viability was calculated as follows: Inhibition (%) = [1-(OD treated adipocytes / OD untreated adipocytes )] x100.
Measurement of adipocyte apoptosis. Pre-adipocytes were seeded in 6-cm culture dishes (4x10 4 cells/dish) coated with poly-lysine, and induced to differentiate into mature adipocytes using the aforementioned methods. Mature adipocytes were then treated with S40 and/or M100 for 24 h. The cells were subsequently fixed with 4% paraformaldehyde at room temperature for 10 min, washed twice with PBS and stained with 10 µg/ml Hoechst 33258 solution for 5 min in the dark. Cells were washed with cold PBS and a drop of anti-fade mounting medium (Beyotime Institute of Biotechnology) was added. Alterations in nuclear morphology were observed under an inverted fluorescence microscope (Olympus IX51 Inverted Microscope; Olympus Corporation, Tokyo, Japan).
The ApoStrand™ ELISA Apoptosis Detection kit (Enzo Life Sciences, Inc., Farmingdale, NY, USA) was used to quantify the levels of single-stranded DNA (ssDNA) generated during apoptosis, according to the manufacturer's instructions. Briefly, mature 3T3-L1 adipocytes (2.5x10 3 cells/well) were transferred to 96-well plates following treatment with S40 and/or M100 for 24 h. The cells were fixed at room temperature for 30 min with 4% formamide, and then the ssDNA in apoptotic cells was stained with a mixture of the primary antibody and the peroxidase-labeled secondary antibody provided with the kit. The cells were subsequently incubated with peroxidase substrate at room temperature for 45 min, and the absorbance at 405 nm was read.
Western blotting. Following treatment with S40 and/or M100 for 24 h, ~4x10 7 mature adipocytes were harvested for extraction of mitochondrial and cytoplasmic protein, and ~1x10 7 cells were used to extract total protein. Briefly, 2 ml mitochondrial separation reagent containing 1 mM PMSF (Beyotime Institute of Biotechnology) was added, and then shaken at 4˚C for 3 min followed by centrifugation at 600 x g for 10 min at 4˚C for 10 min. The supernatant (cytoplasm) and the precipitation (mitochondria) were separated and lysed in Nonidet P-40 lysis buffer on ice for 1 h. The supernatant was collected by centrifugation at 12,000 x g for 15 min at 4˚C. The protein concentration was quantified using an enhanced bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). Protein samples (50 µg/lane) were electrophoresed by 10% SDS-PAGE and transferred to a polyvinylidene fluoride membrane. The membranes were blocked in blocking buffer containing 5% nonfat dry milk in Tris-buffered saline with 0.05% Tween 20 (TBST) for 1 h at room temperature. The membranes were then probed with the specific primary antibodies (diluted 1:1,000) overnight at 4˚C in TBST. The membranes were subsequently washed with TBST three times for 5 min each time, and incubated with the horseradish peroxidase-conjugated secondary antibodies (diluted 1:10,000) for 1.5 h at room temperature. Membranes were washed again with TBST, developed with an enhanced chemiluminescence kit (Roche Applied Science, Penzberg, Germany) and exposed to X-ray film in a dark room. The protein bands were analyzed using a Gel Doc™ XR + imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis. Data are expressed as the mean ± standard deviation of at least three independent experiments. SPSS version 10.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. One-way analysis of variance and the Student-Newman-Keuls post hoc test were used to evaluate statistical differences among groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Mature adipocyte determination. At D 10 of adipocyte differentiation, the vast majority of 3T3-L1 cells appeared to contain Oil Red O-stained lipid droplets, which indicated that adipocyte maturation had occurred (Fig. 1) .
SFN and Myr combined decreased adipocyte viability.
The results of the MTT assay revealed that treatment with S40 or M100 reduced the viability of mature adipocytes by 14.74±0.02 and 9.36±0.03%, respectively, when compared with untreated cells (P<0.05; Fig. 2A , Table I ). However, when S40 and M100 were applied in combination, cell viability was reduced by 33.07±0.02% when compared with the untreated cells (P<0.05; Table I ). Treatment with these agents together did not demonstrate an additive effect, as this would have led to a decrease in cell viability of 24.10±0.05% (P<0.05; Table I ), which suggests that the observed effect was synergistic.
Oil Red O staining revealed that treatment with SFN and/or Myr decreased the number of lipid droplets that accumulated in mature adipocytes (Fig. 2B) . Quantitative spectrophotometry analysis revealed that S40 and/or M100 treatment significantly reduced the lipid content of the cells when compared with untreated cells (P<0.05; Fig. 2C , Table I ). Combined treatment with S40 and M100 was not associated with a significant reduction in cellular lipid content when compared with S40 or M100 treatment alone (Table I) .
Combined SFN and Myr treatment induced apoptosis.
Hoechst 33258 nuclear staining of mature adipocytes revealed that cells displayed characteristic features of apoptosis, including shrinkage, nuclear fragmentation, and chromatin condensation following treatment with SFN and/or Myr for 24 h (Fig. 3A) . Apoptosis was further assessed by quantifying the level of ssDNA in cells, which may be used as a marker of apoptotic cells. The ssDNA levels indicated that, while SFN and Myr treatment alone induced apoptosis in adipocytes when compared with the untreated control cells, the effect of combined treatment was significantly greater than that of each compound alone (P<0.05; Fig. 3B ). Compared with the control, S40 and M100 increased the levels of apoptosis by 27.38±0.08 and 9.74±0.08%, respectively (P<0.05; Table I ). However, combined treatment with S40 and M100 increased apoptosis by 108.04±0.18% when compared with the control (P<0.05; Table I ). The calculated additive effect would have led to an increase in apoptosis levels of 37.11±0.16% when compared with the controls (P<0.05; Table I ), which therefore suggests that SFN and Myr act synergistically to induce apoptosis in adipocytes.
Involvement of the mitochondrial apoptotic pathway. Bcl-2 family proteins are critical regulators of the mitochondrial apoptotic pathway. The ratio of Bax to Bcl-2 is important in determining cell fate (25) . In the present study, SFN treatment markedly increased Bax protein expression levels, while Myr demonstrated no observable effect when compared with the control (Fig. 4A) . Neither SFN nor Myr treatment demonstrated any observable effect on Bcl-2 expression levels at the concentrations tested (Fig. 4A) . However, treatment with SFN and Myr combined increased Bax expression and decreased Bcl-2 expression levels when compared with the control, thus altering the Bax/Bcl-2 ratio in favor of apoptosis (Fig. 4A) . In addition, combined treatment markedly increased Bad expression in the mitochondria when compared with the control, which suggests that Bad translocation from the cytoplasm to the mitochondria was activated, thus promoting apoptosis (Fig. 4B) . Furthermore, phosphorylation of Bad at Ser112, which is thought to be necessary and sufficient to promote cell survival, was markedly decreased in the cells treated with SFN plus Myr compared with control cells or cells treated with each compound alone (Fig. 4B) . Caspase 3 is the main executor caspase of the majority of programmed cell-death processes (27) . As demonstrated in Fig. 4A , treatment with either SFN or Myr for 24 h led to an increase in the levels of cleaved caspase 3 and increased cleavage of the downstream DNA-repair enzyme, PARP, from its native 116 kDa form to the inactive 89 kDa form. As expected, combined treatment additionally induced caspase 3 cleavage and PARP inactivation (Fig. 4A) .
Myr potentiated the effect of SFN on Akt phosphorylation.
Western blot analysis revealed that SFN or Myr treatment alone did not demonstrate any observable effect on Akt phosphorylation at Ser473; however, combined treatment with these agents markedly inhibited Akt phosphorylation when compared with the controls (Fig. 4C) . Total Akt expression levels were unaffected in cells treated with SFN and/or Myr (Fig. 4C) . As expected, combined SFN and Myr treatment was associated with an observable decrease in the levels of p-p70S6K1 when compared with controls (Fig. 4C) . SFN treatment alone decreased p70S6K1 phosphorylation; however, this effect was not as pronounced as combined SFN and Myr treatment (Fig. 4C) . The expression levels of total p70S6K1 in adipocytes were not altered in response to SFN and/or Myr treatment (Fig. 4C) .
Discussion
A number of natural compounds have been reported to induce apoptosis in 3T3-L1 pre-adipocytes or adipocytes, indicating that they may be promising agents for the treatment of obesity (28) . It has become evident that the combined use of several natural products may be more effective in the prevention and treatment of obesity than conventional, single-agent regimens, due to synergistic effects and fewer adverse side effects (29) . In the present study, combined treatment of 3T3-L1 adipocytes with SFN and Myr decreased cell viability to a greater extent than the additive effect of each compound alone. In addition, the SFN plus Myr treatment induced significantly higher levels of apoptosis in adipocytes when compared with each compound alone. This was determined by measuring the characteristic phenotypic alterations associated with apoptosis, including nuclear fragmentation, chromatin condensation, and ssDNA levels.
The Bcl-2 family proteins, including the anti-apoptotic proteins Bax, Bcl-2 antagonist/killer 1 and Bad, as well as pro-apoptotic proteins, Bcl-2, Bcl-2-like 1, and Bcl-2 like 2, are important components in the regulation of apoptosis. Bcl-2 is located on the surface of mitochondria where it maintains the integrity of the mitochondrial membrane and functions as a negative regulator of apoptosis (30) . By contrast, Bax usually resides in the cytosol. Its translocation to the mitochondria leads to the activation of an apoptotic cascade in response to apoptotic stimuli (31) . Therefore, the relative Bax/Bcl-2 ratio is an important determinant of whether cells will undergo apoptosis. Increased Bax and downregulated Bcl-2 expression has been reported in capsaicin-induced apoptosis of 3T3-L1 adipocytes (32) . In addition, curcumin-induced apoptosis in SW872 human adipocytes is accompanied by an increase in the Bax/Bcl-2 Table I . Percentage change in viability, apoptosis and cellular lipid of 3T3-L1 mature adipocytes treated with 40 µM SFN (S40) plus 100 µM Myr (M100). ratio (33) . In the present study, combined treatment with SFN and Myr significantly increased the Bax/Bcl-2 ratio in adipocytes when compared with either agent alone. A previous study demonstrated that, at doses of ≥60 µM, Bad was involved in the pro-apoptotic effects of SFN (13) . In the present study, combined treatment of adipocytes with 40 µM SFN and 100 µM Myr induced the translocation of Bad to the mitochondria and the de-phosphorylation of Bad at Ser112.
Caspase 3 is a crucial mediator of apoptosis and is indispensable for apoptosis in numerous cell types (27) . Activated caspase 3 cleaves the downstream cell death-associated substrate, PARP, into 89 and 28 kD fragments. The cleaved PARP fragments are hallmarks of the progress of apoptosis (34) . A number of previous studies have reported that several natural products activate caspase 3 and induce apoptosis in 3T3-L1 adipocytes (28, 33) . The present study demonstrated that the treatment of adipocytes with SFN and Myr combined, induced caspase 3 activation and PARP cleavage. These results support the hypothesis that the enhanced effects of combined SFN and Myr treatment on adipocyte apoptosis are associated with activation of the mitochondrial apoptosis pathway.
The Akt signaling pathway serves an important role in the regulation of cell death and cell survival (19) . SFN has been reported to induce programmed death in Caco-2 colorectal cancer cells via activation of PI3K/Akt (35) . A previous study demonstrated that the Akt/p70S6K1/Bad signaling pathway may be involved in Myr-induced apoptosis in HepG2 hepatocellular carcinoma cells (36) . In the present study, treatment of adipocytes with SFN and Myr combined significantly inhibited the phosphorylation of Akt and its downstream target, p70S6K1, which suggests that the Akt signaling pathway may have been involved in the observed increase in apoptosis levels induced by the combination treatment (Fig. 4D) .
In conclusion, treatment with Myr and SFN combined was associated with synergistic pro-apoptotic effects in adipocytes. This increase in apoptosis may have been due to an increase in the Bax/Bcl-2 ratio, the mitochondrial translocation of Bad, the activation of caspase 3, and inactivation of the Akt signaling pathway. The results suggest that administration of Myr and SFN combined may be beneficial for the treatment or prevention of obesity, as it provides the advantage of lowering the dose required to gain a therapeutic effect, thereby potentially minimizing side effects. Further studies investigating the effects of different Myr and SFN combination regimens in adipocytes are therefore warranted.
